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The ﬁrst optical study of the N = 28 shell closure in manganese is reported. Mean-square charge radii
and quadrupole moments, obtained for ground and isomeric states in 50–56Mn, are extracted using new
calculations of atomic factors. The charge radii show a well deﬁned shell closure at the magic number.
The behaviour of the charge radii is strikingly different to that of the neutron separation energies where
no shell effect can be observed. The nuclear parameters can be successfully described by large scale shell
model calculations using the GXPF1A interaction.
© 2010 Elsevier B.V. Open access under CC BY license. Over the past ten years there have been many theoretical and
experimental reports [1–4] of new shell closures (magic numbers)
and the disappearance of established shell closures. New shell clo-
sure candidates have included nucleon numbers 16, 30, 32 and 34.
However, over the same period of time, a lack of strong corrobo-
rating evidence from measurements of binding energies has been
encountered, highlighted and explored [5–7]. A mechanism that al-
lows a shell closure to occur without perturbing isotopic binding
energies has been discussed in terms of “masking” by the effects
of deformation [6] or, alternatively, in terms of an overly “collec-
tive” interpretation of nuclear level systematics [8] or as arising
from perturbations better explored as a function of isospin [4,9].
In this Letter we optically study a shell closure across which the
neutron separation energies show no shell perturbation. We re-
port measurements of the change in mean square charge radii in
the isotopes of manganese (Z = 25) which span the neutron num-
bers N = 25, through 28, to 31. Unlike the behaviour observed at
higher Z , particularly Z ∼ 40 where a near perfect correspondence
is seen, the Mn charge radii do not follow the trends observed in
the nuclear binding and instead closely reﬂect the behaviour ap-
parent in the level systematics and the structure suggested by the
nuclear shell model.
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Open access under CC BY license. In the Z = 20–30 region it is almost impossible to provide a
description of the nuclear binding that is commensurate with the
description suggested from γ -ray spectroscopic studies. Towards
the higher Z , N of this region, it has been observed that the
B(E2) values in nickel rapidly decrease at N = 40 [3] with a cor-
responding increase in the energy of the ﬁrst excited 2+ states.
The two-neutron separation energies (S2n) in Ni do not however
reﬂect this shell closure and display only weak evidence of in-
creased binding at N = 40 [7]. At N = 28, the increase in excitation
of the ﬁrst 2+ states is large and there is a signiﬁcant change in
the course of the Sn (the single neutron separation energies) and
S2n. However, the B(E2) value at the shell closure only fraction-
ally reduces. Furthermore, the magnetic moments of the single
particle–hole mirror nuclei around 56Ni, including a recent re-
measurement of 57Cu [10], suggest states of complex character and
has led to 56Ni being described as a potentially “soft” shell model
system [11]. With decreasing Z < 28, the close neighbour corre-
spondence between previously compatible B(E2), 〈r2〉, Sn and S2n
measurements breaks down completely [12,13], with substantial
differences appearing between adjacent isotopic chains.
Laser spectroscopic studies provide a means of extracting nu-
clear charge radii, electromagnetic moments and spins of ground
and isomeric states in a manner that is independent of the nu-
clear model [14,15]. Using the technique of optical pumping in a
cooler-buncher to selectively enhance low-lying metastable ionic
states [16], the Mn+ ion was made available for an optical study.
F.C. Charlwood et al. / Physics Letters B 690 (2010) 346–351 347Fig. 1. Hyperﬁne spectra of the stable isotope 55Mn on the 294.9205 nm spectroscopy line. The effect of direct population of hyperﬁne F states via optical pumping can
be seen. Spectra (b), (c) and (d) show the variation of the quadrupled Ti:Sa wavelength about the centroid of the 230.5005 nm spectral line. The peak intensities of each
spectrum are observed to deviate from those observed without pumping (a) which are consistent with weak ﬁeld angular coupling estimates.At Z = 25, an opportunity to probe a neutron shell closure, weak-
ened by the greatest proton valence space available in the f7/2
shell, is provided. Since the conception of the shell model, ex-
ploration of the N, Z = 25 systems has provided a stringent and
challenging test of available theoretical calculations [17,18]. Un-
like ground states in the rest of the f7/2 shell odd-A systems
with 25 neutrons or protons, three f7/2 holes, display a spin
5/2− ground state of complex character (with the exception of
the semi magic 53Mn). The nuclear parameters measured in this
work are compared to new, large scale, GXPF1A shell model calcu-
lations [19].
Radioactive beam production at the IGISOL facility [20], JYFL,
is unique in that all elements are available for study with fast
extraction times. Neutron deﬁcient isotopes of Mn were pro-
duced in the fusion evaporation reactions 50Cr(p, n)50, 50mMn,
52Cr(p, n) 52, 52mMn (from a 3.4% contaminant in an enriched 50Cr
target) at 14 MeV, 50Cr(d, n) 51Mn at 13 MeV, 55Mn(p,pxn) 53,54Mn
at 33 MeV and 56Fe(d, 2p) 56Mn at 25 MeV.
Reaction products recoiling in the ion guide were thermalised
by a helium buffer gas and extracted through a sextupole ion-
guide (SPIG) [21]. The stainless steel rods and repeller plate of
the conventional SPIG were replaced by components machined
from oxygen-free Cu to decrease the background beams in the
A = 50–60 region. A thin foil of 55Mn was attached to the repeller
plate of the SPIG and provided a plasma discharge production
of stable ions. Reference spectroscopy on this isotope was then
used as a calibration throughout the experiment and to monitor
voltage and frequency drifts. Following mass analysis, the ion en-
semble was cooled and bunched in an RF-quadrupole trap [22],
the axis of which was illuminated by 230.5005 nm laser light
from a frequency-quadrupled titanium sapphire (Ti:Sa) laser. Ion
bunches, at ∼30 keV, were accelerated to the laser–ion interaction
region where the ions were Doppler tuned onto resonance with
a locked, frequency-doubled cw dye laser in a collinear geometry.
A 15 μs gate applied to the resulting photon signal, encompassed
the entire temporal width of the bunched ion beam. The collinear
spectroscopy was performed on a 3d54s 5S2 (9472.970 cm−1) →
3d54p 5P3 (43370.510 cm−1) transition at 294.9205 nm using 0.8
mW of UV light focussed to a waist of 0.9 mm diameter.Table 1
Isotope shifts and hyperﬁne A and B parameters for the upper ( 5 P3) state exper-
imentally determined on the 294.9205 nm spectral line. The hyperﬁne B of the
lower state was set to zero in all cases, consistent with measured values. Hyperﬁne
A ratios were constrained to that observed in 55Mn. Isotope shift values (δv A,A
′
)
are quoted relative to A = 55 with statistical errors. Systematic errors on the iso-
tope shift values, arising from the calibration in the acceleration voltage, are ∼0.1%
and have not been included.
A Iπ Au( 5 P3) (MHz) Bu( 5 P3) (MHz) δv55,A (MHz)
50 0+ – – −1573(2)
50m 5+ −59.9(2) +213(29) −1514(8)
51 5/2− −155.1(3)a +111(20)a −1201(26)
52 6+ −55.5(1)a +133(20)a −745(7)
52m 2+ −0.4(1)a – −782(3)
53 7/2− −156.3(5) +41(7) −418(2)
54 3+ −119.8(2) +99(6) −192(4)
55 5/2− −150.8(3) +85(4) 0
56 3+ −116.9(2)a +126(39) +240(6)
a Hyperﬁne parameters scaled using known nuclear moments [23].
The pulsed Ti:Sa light was used to optically pump [16] the
J = 3 (0 cm−1) → J = 3 (43370.510 cm−1) Mn ionic ground state
transition, the decay from which acts to enhance the 9472.970
cm−1 state population for spectroscopy. Fluorescence eﬃciencies
of this spectroscopic transition improved with increasing storage
time up to 100 ms from 1 photon per ∼250,000 ions to 1 photon
per ∼4000 ions for the most intense hyperﬁne peak. The individual
peak intensities of the resulting hyperﬁne spectra were observed to
vary upon tuning the quadrupled Ti:Sa wavelength about the cen-
troid of the 230.5005 nm pumping transition. The spectra shown
in Fig. 1, are our ﬁrst observation of the direct populating of indi-
vidual hyperﬁne F states and the effect was exploited to “bias” the
eﬃciency of the hyperﬁne component under investigation.
Hyperﬁne resonance spectra for the stable and radioactive iso-
topes obtained in this chain are displayed in Fig. 2. A ﬁtting of
Lorentzian lineshapes, via χ2 minimisation, was performed to the
resonance peaks in each of the experimental spectra. The peak
centroids were ﬁtted assuming a two parameter ﬁrst order hyper-
ﬁne splitting. The hyperﬁne parameters A and B [14] (given in
Table 1) and the centroid of each structure were extracted. The
experimentally determined isotope shift values are shown in Ta-
348 F.C. Charlwood et al. / Physics Letters B 690 (2010) 346–351Fig. 2. Hyperﬁne spectra observed in isotopes 50−56Mn using the 3d54s 5 S2 (9472.970 cm−1) → 3d54p 5 P3 (43370.510 cm−1) transition. Isomeric structures in 50,52Mn are
denoted by asterisks and the ground state structure in 52Mn is denoted by ‘g’. The dotted lines show the centroids of the hyperﬁne structures.
Table 2
Magnetic moments, quadrupole moments and δ〈r2〉 values obtained in this work and [23], and moments determined from GXPF1A shell model calculations [19]. The δ〈r2〉
values are quoted relative to A = 55 and statistical errors alone are presented (the effect of systematic uncertainties are shown in Fig. 4).
A μ (μN )
Expt.
μ (μN )
[23]
μ (μN )a
Theory
Q s (b)
Expt.
Q s (b)
[23]
Q s (b)a
Theory
δ〈r2〉55,A (fm2)
50 – – – – – – +0.046(3)
50m +2.76(1) – +2.808 +0.80(12) – +0.58 −0.057(13)
51 – +3.5683(13) +3.459 – +0.42(7) +0.35 −0.023(45)
52 – +3.0622(12) +3.090 – +0.50(7) +0.52 −0.259(13)
52m – +0.0077(10) −0.051 – – −0.12 −0.195(5)
53 +5.035(1) 5.024(7) +4.725 +0.16(3) – +0.09 −0.292(4)
54 +3.306(1) 3.2819(13) +3.133 +0.37(3) +0.33(3) +0.34 −0.165(7)
55 – +3.46871790(9) +3.359 – +0.32(1) +0.36 0
56 – +3.2266(2) +3.463 +0.47(15) – +0.15 +0.066(10)
a GXPF1A shell model calculations [19].ble 1 and represent the centroid frequency shift between isotopes
A and A′:
δv A,A
′
I S = v A
′ − v A . (1)
Hyperﬁne A ratios were constrained to the ratio observed in
stable 55Mn in the ﬁtting of all hyperﬁne structures. The ﬁts to
a 55Mn spectrum of high statistics gave the hyperﬁne parame-
ters A(5S2) = −1197.5(5) MHz and B( 5S2) = 0(4) MHz for the
lower state. For all radioactive isotopes the Bl parameter was set to
zero. Previously known electromagnetic moments [23] were used
to constrain A parameters in 56Mn and both A and B parameters
in the 51,52Mn ﬁtting where only incomplete hyperﬁne structures
were observed. A ﬁt to the unresolved structure in 52mMn was
possible by constraining both the A parameter and the intensi-
ties of the hyperﬁne components to weak ﬁeld angular coupling
estimates. A double minimum in the χ2 resulted in the ﬁt, pro-
ducing possible Bu assignments of −79(8) MHz and +64(8) MHz
that reproduce the structure equally well. Errors on the upper A
parameter arise from the ﬁtting procedure or from the uncertainty
on known nuclear moments (for cases where A has been con-
strained). In 53,54Mn where free ﬁtting was possible, independent
conﬁrmation of published moments was achieved within calcu-
lated uncertainties.The change in the mean square charge radius, δ〈r2〉A,A′ , is re-
lated to the isotope shift, as:
δv A,A
′ =
(
A′ − A
AA′
)
Mi + Fiδ
〈
r2
〉A,A′
, (2)
where F is the atomic ﬁeld parameter and the nuclear mass pa-
rameter, M , is the sum of the normal (MNMS) and speciﬁc mass
parameters (MSMS). Mean square charge radii could not be ex-
tracted via a traditional King Plot [24] method as no experimental
δ〈r2〉 values are known in Mn. New atomic structure calculations
based on a multi-conﬁgurational Hartree Dirac Fock model [25,26]
were used to calculate a ﬁeld factor of F = −572 MHz fm−2 and
a mass factor M = +852 GHzu. The conﬁdence on these values,
based on the convergence observed with increasing scale of com-
putation are estimated to be 15% on F and MSMS (resulting in an
uncertainty of 5% on M). The conﬁdence limits assigned to these
calculations could be explored independently in this work. For the
mass parameter, unphysical results are achieved for M < 580 GHzu
and M > 1150 GHzu. The calculated ﬁeld shift parameter suggests
an electron density entirely compatible with the observed Al hy-
perﬁne coeﬃcient. Neither consideration was used as input in the
calculations and these theoretical estimates represent pure ab ini-
tio results. Table 2 and Fig. 3 show the extracted δ〈r2〉 values and
Fig. 4 displays the effect on δ〈r2〉 of a 15% error in MSMS. The un-
F.C. Charlwood et al. / Physics Letters B 690 (2010) 346–351 349Fig. 3. Differences in the manganese and calcium [27,28] mean square charge radii
as a function of neutron number. For clarity, the isotone chains are set apart by an
arbitrary 0.05 fm2. Isomeric states in 50,52Mn are denoted by the diamonds.
Fig. 4. The effect on the extracted manganese δ〈r2〉55,A of a speciﬁc mass shift un-
certainty of 15%.
certainty on MSMS, which causes a pivoting about the reference
isotope in Fig. 4, dominates the systematic uncertainties in δ〈r2〉
(with the uncertainty on F scaling the ﬁnal values). In Table 2, the
known moments of 55Mn [23] were used to calibrate the moments
of 50m, 53, 54, 56Mn.
In Fig. 3, the extracted manganese charge radii are compared
with those of calcium [27,28]. In both Mn and Ca, the radii increase
sharply above and below N = 28, a behaviour typical of magic
shell closures. All mass shift estimates from 580 to 1150 GHzu
in Mn produce such a “kink”. Use of the calculated atomic cali-
bration gives Mn δ〈r2〉 almost identical to those in the Ca isotopes
with the only departure in trend potentially observed at N = 25.
As shown in Fig. 5, the behaviour at N = 28 of the two-neutron
separation energies and the single neutron separation energy (when
considered as a function of isospin [4,9]) is very different. In the
binding energies the proton number 25 appears to be a turning
point at which the S2n locus is almost smooth (through the N = 28
shell closure) and for which Sn shows no decrease for the Tz = 3/2systems (unlike the neighbouring isospin chains). All neighbour-
ing isotones exhibit changes in nuclear binding at N = 28 with
the effect most prominent at Z = 20. The lack of correspondence
between the δ〈r2〉 (near identical for Mn and Ca) and Sn, S2n
measurements is very different to other, higher Z , regions of the
nuclear chart [29]. Instead charge radii here appear to closely fol-
low the structure suggested by γ -ray spectroscopic studies which
suggest a well deﬁned shell closure. This shell closure is not ap-
parent in the trends in the nuclear binding energy.
Both magnetic and quadrupole moments determined here can
be used to sensitively probe the nuclear valence structure. In Fig. 6,
the relationship between the quadrupole moments and charge
radii is explored. For the even-N isotopes in Fig. 6b the reduced
moment can be identiﬁed as an approximate single particle esti-
mate of 〈r2〉 and the trend of the even-N 〈r2〉eff correspond closely
to the measured changes in 〈r2〉. An extreme single particle model
picture can also be adopted and used to make coupling estimates
for odd–odd systems from neighbouring singly odd nuclei. Such
an approach was used to estimate the single particle electric and
quadrupole moments of the N = Z = 25 isomeric state of 50mMn.
A linear coupling of magnetic moments in 49Cr and 51Mn pro-
duces μ = +3.0923(3) μN and similar quadrupole moment cou-
pling produces Qs = +0.84(10) b for this stretched conﬁguration.
The simple coupling estimates are extremely close to the measured
moments, +2.76(1) μN and +0.80(12) b, and no evidence of ad-
ditional coherence or collective shape driving effects are observed
despite both N and Z being equal to 25.
New theoretical GXPF1A [19] shell model calculations for Mn
are included in Table 2. Effective charges ep = 1.5 and en = 0.5
and the free nucleon values for gs were used throughout the cal-
culations. The energy, spin and moments were calculated for the
three lowest states of each isotope and perfectly reproduce the
level characteristics in all but 50,56Mn (where the spins of the
ﬁrst two levels are interchanged). Moments for the ground and
isomeric states are on the whole accurately described by the cal-
culations bar two exceptions. In 53Mn, the only odd-A Mn isotope
known to adopt a 7/2− ground state, the level ordering is repro-
duced although agreement in the absolute values of the nuclear
moments is notably poorer than that observed in the 5/2− sys-
tems. In the stretched isomeric conﬁguration of 50mMn neither
the level ordering nor quadrupole moment are well reproduced.
These two systems, N = 28 and N = 25, represent those which
pose the greatest challenge to the shell model (the neutron clo-
sure and the complexity of the valence space respectively) and at
both points the theoretical quadrupole moments are lower than
those observed experimentally albeit within 2 standard deviations.
In all the Mn systems highly mixed conﬁgurations are needed
to describe the low lying states. The 5/2− ground state of 55Mn
is calculated to have only 27% of the wavefunction in the lead-
ing 56Ni[π(1f7/2)−3ν(2p3/2)2]5/2 conﬁguration and, notably, only
33% for the 7/2 coupling of the same conﬁguration in the 1st ex-
cited state. Descriptions of the former as a “collective” state and
the latter as a “single particle” state thus appear overly simplis-
tic. Even for the purest state, the 7/2− ground state of 53Mn,
the 56Ni[π(1f7/2)−3]5/2 conﬁguration accounts for only 60% of the
wavefunction. In the experimental discussion of the quadrupole
moments the extreme vector coupling model appeared successful.
Shell model estimates, for 51gMn (+0.353 b) and 49gCr (+0.360 b),
individually support such a picture. Calculation for the 50mMn sys-
tem itself produces the lower value, +0.58 b, highlighted above.
The Mn measurements reported here simultaneously provide
charge radii that display a robust shell closure, and nuclear mo-
ments that are well reproduced by a (large scale) shell model
calculation. No aspect of the smooth trend of the neutron sepa-
ration energies is observed in these parameters and the different
350 F.C. Charlwood et al. / Physics Letters B 690 (2010) 346–351Fig. 5. (a) Two neutron separation energies across the N = 28 shell closure shown for isotopic chains from Z = 20–31 [30]. The relative errors are smaller than the symbol
sizes. (b) Single neutron separation energies shown, following Refs. [4,9], connected for systems with the same isospin (Tz = 1, 3/2 and 2).
Fig. 6. (a) Manganese mean square charge radii across the N = 28 shell closure and, (b), the reduced Mn quadrupole moments, Q s/〈I I20|I I〉 (this work and Ref. [23]).course of the 〈r2〉 and Sn, S2n is clear. The Mn charge radii in-
stead closely follow the trends observed in Ca. At higher Z an
exceptionally close correlation between the radius and separation
energy is observed and can be readily understood in terms of nu-
clear deformation perturbing macroscopic parameters in a similar
fashion. A non-macroscopic interpretation of 〈r2〉 appears to be re-
quired to explain the differing trends observed in this work. Such
a sensitivity of 〈r2〉 to shell structure and shell ﬁlling effects has
been highlighted in other regions near magic shell closures [31].
The Mn charge radii around N = 28 reported here show clear,
calcium-like, shell structure. The effect of this structure on the
course of the nuclear binding energy appears minimal. Further-
more no “masking” effect in the quadrupole deformation (which
follows the charge radius) can be invoked to explain the differing
trends.If the mean square radius can reﬂect shell structure that is not
apparent in the trends of the separation energies, then future op-
tical spectroscopy at the IGISOL and other facilities will provide
a new means to explore the N = 30, 32, 40 and other subshell
candidates. New experiments at the IGISOL will exploit (d,xp) and
asymmetric ﬁssion reactions to study neutron-rich species from
Z = 20–30.
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